The Calvin-Benson-Bassham (CBB) cycle is the main pathway to fix atmospheric CO 2 and store energy in carbon bonds, forming the precursors of most primary and secondary metabolites necessary for life. Speeding up the CBB cycle theoretically has positive effects on the subsequent growth and/or the end metabolite(s) production. Four CBB cycle enzymes, ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), fructose-1,6/sedoheptulose-1,7-bisphosphatase (FBP/SBPase), transketolase (TK) and aldolase (FBA) were selected to be cooverexpressed with the ethanol synthesis enzymes pyruvate decarboxylase (PDC) and alcohol dehydrogenase (ADH) in the cyanobacterium Synechocystis PCC 6803. An inducible promoter, PnrsB, was used to drive PDC and ADH expression. When PnrsB was induced and cells were cultivated at 65 µmol photons m −2 s −1
Introduction
Due to the development of cyanobacterial genetic tools, a large number of carbon-based compounds have been successfully produced directly from CO 2 using sunlight as an energy resource (Lai and Lan, 2015; Miao et al., 2017) . Even though there still are challenges to scale up and commercialize these processes, cyanobacteria are regarded as one of the most promising cell-factories to realize sustainable production of alternatives to fossil based compounds. Both abiotic and biotic factors may have effects on the yield and efficiency. Abiotic factors like light intensity, organic carbon source, growth pH, CO 2 concentration and medium composition, have been studied and there are reports that optimizing these factors can indeed increase the production of the specific molecules or products (Gao et al., 2012; Kanno et al., 2017) . Regarding biotic factors, genetic engineering and synthetic biology make it possible to change, introduce and alter pathways in the cells. This includes e.g. replacing native enzymes with more efficient alternatives, enzyme optimization, introducing novel, native or synthetic pathways (Erb et al., 2017) , engineering regulators and cofactors (Park and Choi, 2017) , and engineering photosynthesis and carbon fixation (Li et al., 2017) . In many cases, combined optimization of these abiotic and biotic factors results in higher yield.
Among all the strategies, increasing carbon fixation theoretically increases the amount of carbon available in the cells for the formation of desired product(s). The Calvin-Benson-Bassham (CBB) cycle is the primary carbon fixation pathway in nature (Fig. 1) . However, it uses one of the most inefficient enzymes, ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), to carboxylate ribulose-1,5-bisphosphate (RuBP) with one molecule of CO 2 to form two molecules of 3-phosphoglycerate. The trade-off between CO 2 affinity and carboxylation rate makes it challenging to further improve the performance of RuBisCO (Greene et al., 2007; Savir et al., 2010) . Since RuBisCOs from cyanobacteria tend to have a faster carboxylation rate compared to higher plant RuBisCOs (Savir et al., 2010) , transforming cyanobacterial RuBisCOs into higher plants attracts researchers who are putting efforts on increasing crop yield. There is a report on successful introduction of a functional RuBisCO from cyanobacterium Synechococcus elongatus PCC 7942 into tobacco, with increased CO 2 fixation rate per unit of enzyme in the engineered lines. However, the transformant line could only grow autotrophically under elevated CO 2 concentration (3% v/v CO 2 /air) (Lin et al., 2014; Occhialini et al., 2016) . Co-overexpressing RuBisCO biogenesis chaperones is another strategy that has been shown to benefit photosynthesis and tobacco growth (Whitney et al., 2015) . In cyanobacteria, several studies have demonstrated increased photosynthesis (Iwaki et al., 2006) and product formation by RuBisCO engineering. Regarding product formation, increased isobutyraldehyde in Synechococcus elongatus PCC 7942 with additional RuBisCO genes from Synechocccus elongatus PCC 6301 and increased fatty acid in Synechococcus PCC 7002 with Synechoccus elongatus PCC 7942 RuBisCO genes heterologously expressed were reported (Atsumi et al., 2009; Ruffing, 2014) .
Several other enzymes in the CBB cycle, fructose-1,6/sedoheptulose-1,7-bisphosphatase (FBP/SBPase), aldolase (FBA) and transketolase (TK), are targets to increase photosynthesis, carbon fixation, and/ or biomass accumulation in cyanobacteria or plants (Liang and Lindblad, 2016; Raines, 2003; Zhu et al., 2007) . In plants, one of the four enzymes may have the main control of the carbon flux under a specific growth condition (Raines, 2003; Zhu et al., 2007) . Systematic studies using cyanobacteria are limited. Overexpressing chloroplast FBPase, whose function is carried out by FBP/SBPase in cyanobacteria, resulted in varied effects in different host organisms, depending on growth conditions (Dejtisakdi and Miller, 2016; Ma et al., 2005) . In addition, overexpressing SBPase, another function of FBP/SBPase in cyanobacteria, had a positive effect on initial RuBisCO activity, probably by increasing the RuBP concentration or by keeping RuBisCO activase in the soluble stroma in plants (Feng et al., 2007; Miyagawa et al., 2001 ). This clearly indicates interactions of regulation between enzymes in the CBB cycle. The effects of overexpressing SBPase, or the bifunctional protein FBP/SBPase, on the formation of desired products have been intensively studied in plants (Köhler et al., 2017; Ogawa et al., 2015; Rosenthal et al., 2011; Simkin et al., 2017) . The other two enzymes, TK and FBA, have relatively less reports. To our knowledge, there are no reports of TK engineering to enhance generation of desired compounds. However, there is one report that overexpressing TK in tobacco had severe effects on growth, which were related to thiamine homeostasis (Khozaei et al., 2015) . Furthermore, in TK antisense plants a small decrease in the levels of this enzyme resulted in a significant decrease in photosynthesis (Henkes et al., 2001) . Some promising results showed that overexpressing FBA, homogeneously or heterogeneously, resulted in increased CO 2 fixation efficiency in Arabidopsis thaliana (Simkin et al., 2017; Uematsu et al., 2012) .
Despite the limitations of the CBB cycle, the carbon sink itself may be another limitation. Enhancing the sucrose export enhanced the quantum efficiency of PSII in Synechococcus elongatus PCC 7942 without any modification on the CBB cycle or light reactions (Abramson et al., 2016) . Considering using organisms with larger sink capacity, introducing functional RuBisCO, even a functional CBB cycle, into heterotrophic organisms like Escherichia coli (E. coli) and yeast (Antonovsky et al., 2016 (Antonovsky et al., , 2017 is another direction of carbon fixation research. Obtained strains could not grow only with atmospheric CO 2 since they do not photosynthesize. However, with laboratory evolution, E. coli with RuBisCO and phosphoribulokinase could synthesize sugar with a concomitant consumption of pyruvate (Antonovsky et al., 2017) . This engineering allowed the cells to reuse CO 2 released from glycolysis and thus increase the formation of desired products (Li et al., 2017) .
In our earlier studies, we demonstrated that overexpressing four selected CBB cycle enzymes individually resulted in increased growth under certain growth conditions Lindblad, 2016, 2017) . To investigate the potential of these strains for enhancing productivity, we combined the engineered strains exhibiting increased growth with an introduced capacity to produce ethanol, allowing us to address the question whether the increased productivity resulting from CBB cycle enzyme overexpression can be utilized to enhance generation of a selected carbon-based product.
Materials and methods
2.1. Escherichia coli and Synechocystis PCC 6803 cultivation E. coli was cultivated with LB in liquid or on 1.5% agar (w/v) plates under 37°C. Synechocystis PCC 6803 (Synechocystis hereafter) was cultivated with BG11 (Stanier et al., 1971) in liquid or on 1.5% agar (w/v) plates at 30°C. 50 µg/ml kanamycin was used for selection in both E. coli and Synechocystis. For ethanol measurements, cells were cultivated with the addition of 25 µg/ml kanamycin.
Two different systems were used to cultivate Synechocystis ethanolproducing strains. One was in 6-well TC plate (Sarstedt) with 4 ml BG11 and 25 µg/ml kanamycin under a light intensity of 15 µmol photons m −2 s −1
. The second system was in Biolite flasks (Plug seal, Thermo Scientific) with 10 ml BG11, 25 µg/ml kanamycin, 50 mM NaHCO 3 and 40 mM HEPES-NaOH (pH 7.5) under 65 µmol photons m −2 s −1 . On days 3 and 5, NaHCO 3 was added to a final concentration of 50 mM. The Biolite flask system was used to prevent the evaporation of ethanol under relatively higher light intensity. 2.5 μM Ni 2+ (NiCl 2 ) was used to induce PnrsB when induction was required.
Plasmids construction and conjugation into Synechocystis
All genetic constructs were based on pPMQAK1 (Huang et al., 2010) , and the genetic material inserted between the restriction sites EcoRI and SpeI or PstI. All restriction enzymes were from Thermo Fisher Scientific. Table 1 shows the plasmids used in this study, graphically presented in Fig. 2 . Synechocystis engineered strains with specific plasmid conjugated were named after the conjugated plasmids.
Plasmids were transferred to Synechocystis by conjugation, as described before (Liang and Lindblad, 2016) . The pPMQAK1 has an RSF1010-derived replicon with a copy number of about 10-29 per cell . The enzymes overexpressed in this study were written in bold italic form. Abbreviations of intermediates: RuBP, ribulose-1,5-bisphosphate; 3PGA, 3-phosphoglycerate; G-3-P, glyceraldehyde-3-phosphate; DHAP, dihydroxyacetone phosphate; FBP, fructose-1,6-bisphosphate; SBP, sedoheptulose-1,7-bisphosphate; F6P, fructose-6-phosphate; S7P, sedoheptulose-7-phosphate; E4P, erythrose-4-phosphate; Xu5P, xylulose-5-phosphate; R5P, ribose-5-phosphate; Ru5P, ribulose-5-phosphate. Abbreviations of enzymes: RuBisCO, Ribulose-1,5-bisphosphate carboxylase/ oxygenase; FBA, aldolase; FBP/SBPase, fructose-1,6-/sedoheptulose-1,7-bisphosphatase; TK, transketolase; PDC, pyruvate decarboxylase; ADH, acetaldehyde dehydrogenase. Modified from Liang and Lindblad (2016). in Synechocystis (Marraccini et al., 1993; Ng et al., 2000) .
Semi-quantitative PCR (RT-PCR) and Western-immunoblotting
RT-PCR and Western-immunoblotting were performed as detailed before (Liang and Lindblad, 2016) . Pyruvate decarboxylase antibody was kindly provided by Dr. Lonnie Ingram (University of Florida, USA, Aldrich et al., 1992) . One-way ANOVA was used for statistical analyses.
Ethanol and dry cell weight (DCW) measurements
Ethanol was quantified as previously described (Englund et al., 2016) . At the same time point as ethanol measurements, dry cell weight (DCW) was determined. 13 ml cultivation tubes (Sarstedt) were predried at 70°C oven for 12 h. Cells were harvested by centrifugation at 5000 rpm for 20 min, and dried at 70°C oven for 24 h before measuring the DCW. One-way ANOVA was used for statistical analyses.
Results

Enhanced ethanol production in cyanobacterial cells grown at 65 μmol
An ethanol synthesis pathway, consisting of pyruvate decarboxylase (encoded by pdc from Zymomonas mobilis, PDC) and alcohol dehydrogenase (slr1192 from Synechocystis, ADH) was introduced into wild type Synechocystis as an operon driven by the inducible promoter PnrsB (Englund et al., 2016) on the RSF1010 based shuttle vector pPMQAK1 (Huang et al., 2010) . The plasmid was further engineered to include genes encoding one of four selected enzymes, RuBisCO and FBP/SBPase (the SBPase function), specific for the CBB cycle, and TK and FBA, present in both the CBB cycle and the oxidative pentose phosphate (OPP) or the glycolysis pathway. The FBPase function of FBP/SBPase also catalyzes reactions in gluconeogenesis (Tamoi et al., 1999) . These four enzymes were individually cloned in the opposite direction to the ethanol synthesis operon, with expression from the native psbA2 promoter (Liang and Lindblad, 2016; Englund et al., 2016) , and introduced into Synechocystis cells (see Fig. 2 and Table 1 for plasmid constructs and resulting strains). PnrsB is induced by Ni 2+ , but still has a weak expression without induction in cells grown in BG11-medium (Englund et al., 2016) . This may due to leakiness of PnrsB and the presence of trace amount of Co
2+
, which is another inducer of PnrsB, in the BG11 medium (Englund et al., 2016) . Ethanol production was detected both with and without induction of PnrsB.
When strains were cultivated with NaHCO 3 and Ni 2+ induction, the control (wild type with empty vector) strain, without ethanol production cassette, grew best, while the EtOH strain, expressing PDC and ADH alone (Table 1) , grew the second best (Fig. 3A) . Without Ni 2+ induction, the EtOH strain still grew faster than any of the strains with one of the four selected CBB cycle genes co-overexpressed at the early stage of cultivation. However, the EtOH strain stopped growing after day 3, and thereafter exhibited a slowly declining OD 750 , while the other strains kept growing (Fig. 3B ).
The ethanol production patterns of ethanol-producing strains with or without induction of PnrsB were very different. When PnrsB was induced, all four strains co-expressing CBB cycle enzymes with the ethanol synthesis cassette produced more ethanol than the reference strain EtOH. At the end of the cultivation period, ethanol production in EtOH-rbcSC, EtOH-70glpX, EtOH-tktA and EtOH-fbaA was increased by 55%, 67%, 37% and 69%, respectively, compared to the EtOH strain (Fig. 3C) . In contrast, the ethanol production pattern was opposite when PnrsB was not induced. Ethanol yields in the strains co-overexpressing one of the four selected CBB cycle genes were much lower, reaching only around 2% of the ethanol production of the EtOH strain (Fig. 3D) . Besides, ethanol production without induction was much lower than that with induction in general, which was expected since there was dramatic difference on the strength of PnrsB with and without induction (Englund et al., 2016) . For example, the ethanol level of strain EtOH without induction only reached 39.4% of that with induction on day 3 (Fig. 3D) .
To compare the abilities of different strains to convert atmospheric CO 2 into organic carbon compounds (except for ethanol), dry cell weight (DCW) was measured. When cells were cultivated with Ni 2+ added, at the early growth stage, ethanol production had severe effects on DCW. The DCW of EtOH, EtOH-rbcSC, EtOH-70glpX, EtOH-tktA and EtOH-fbaA were significantly lower than that in the control strain, (Liang and Lindblad, 2016; Englund et al., 2016) . R represents ribosome binding site.
without ethanol synthesis cassette. On the third day of cultivation, the DCW of the EtOH strain was the lowest. At the end, the difference had diminished but the DCW of the control remained slightly higher than that in all the other strains (Fig. 4A) . The DCW and ethanol yield together represents the total carbon output (total biomass) of the cultures. Similar to the DCW, at the early growth stage, the total biomass of ethanol-producing strains was less than that in the control strain, while the total biomass of the EtOH strain was significantly lower and the other four strains with one of the CBB cycle genes co-overexpressed had similar total biomass as the control strain (Fig. 4B ). This resulted in 33%, 39%, 38% and 34% more total biomass of EtOH-rbcSC, EtOH-70glpX, EtOH-tktA and EtOH-fbaA compared to that in the EtOH strain on day 3. During the cultivation period, the ethanol producing strains accumulated more total biomass than the control strain, mainly in the form of ethanol. On the last day of cultivation, ethanol producing strains had generated 38.8%, 49.4%, 59.7%, 51%, and 52.9% more total biomass than the control strain (Fig. 4B) . At the same time, EtOH-rbcSC, EtOH-70glpX, EtOH-tktA and EtOH-fbaA accumulated 7.7%, 15.1%, 8.8% and 10.1% more total biomass compared to the EtOH strain (Fig. 4B) . Cells only containing the ethanol synthesis cassette (EtOH) produced 30.2% of the total biomass in the form of ethanol, while the strains with one of the fourselected genes co-overexpressed with the ethanol synthesis genes increased the ethanol to total biomass ratio to 43.6% (EtOH-rbcSC), 45.2% (EtOH-70glpX), 38.4% (EtOH-tktA) and 47.4% (EtOH-fbaA) (Fig. 4C) .
The same results were not observed when using cells cultivated without PnrsB being induced. Strains with the CBB genes co-overexpressed with ethanol synthesis genes had only slightly higher DCW than the EtOH strain (Fig. 4D) while the total biomass (ethanol plus DCW) was slight lower (Fig. 4E) , even though neither effect was statistically significant. The ethanol to total biomass ratio was much lower in EtOH-rbcSC, EtOH-70glpX, EtOH-tktA and EtOH-fbaA (less than 0.3%) than in the EtOH strain (13.3%, Fig. 4F ). This is an opposite pattern compared to that in cells cultivated with PnrsB induced.
PDC levels determined by cell physiology
The ethanol production pattern with and without Ni 2+ induction was dramatically different between strains EtOH, EtOH-rbcSC, EtOH70glpX, EtOH-tktA and EtOH-fbaA ( Fig. 3C and D) . In order to determine whether PDC protein levels differ between these strains, cells with and without induction were examined. With PnrsB induced, PDC was expressed as demonstrated by clear PDC bands on SDS-PAGE gels and corresponding Western immunoblotting using specific anti-PDC antibodies (Fig. 5A ). Quantity analysis of PDC content on Western immunoblotting showed that EtOH-rbcSC, EtOH-70glpX, EtOH-tktA and EtOH-fbaA had more PDC protein compared to the EtOH strain (Fig. 5B) , which is in agreement with the observed levels of ethanol (Fig. 3C) . Without PnrsB induced, PDC could not be detected on SDS-PAGE, and only PDC from EtOH strain could be detected on the Western immunoblotting membrane (Fig. 5A) , which is again consistent with observed ethanol production (Fig. 3D) . In EtOH-tktA, the TK band was also clearly detected on SDS-PAGE gels (Fig. 5A ), in cells both with and without induction. This showed the shuttle vector was not lost. Using semi-quantitative RT-PCR, we could demonstrate that pdc was transcribed in strains with induction, since pdc mRNA could be detected after 24 cycles, with 500 ng total RNA as starting material for the cDNA Table 1 . Fig. 4 . Dry cell weight (DCW), total biomass (DCW + ethanol), and ethanol to total biomass ratio of cells cultivated with 50 mM NaHCO 3 and under 65 μmol photons m −2 s −1 light intensity with (A, B and C) and without (D, E and F) 2.5 μM Ni 2+ induction. Error bars represent standard deviations, in A, B and C from six biological replicates conducted in three independent experiments, and in D, E and F from biological triplicates. One-way ANOVA analysis was applied. Asterisks in figure A indicate significant differences (P < 0.05) between control and ethanol producing strains. Asterisks in others indicate significant differences (P < 0.05) between strains with the ethanol synthesis pathway alone and with one of the CBB genes co-overexpressed. The insert in figure F shows the same data at a different scale. For strain information see Table 1 .
F. Liang et al. Metabolic Engineering 46 (2018) [51] [52] [53] [54] [55] [56] [57] [58] [59] generation. There was no clear difference in abundance of pdc mRNA between the strain only expressing ethanol synthesis cassette and the strains with one of the four selected CBB cycle genes co-overexpressed (Fig. 5C ). When cells were not induced, pdc mRNA could be detected after 27 cycles based on 1 μg total RNA as starting material. Again, no clear difference was detected between the ethanol producing strains (Fig. 5C ). This indicates that Ni 2+ induction increased the transcription level of pdc as expected and consistent with previous studies (Englund et al., 2016) . Taking ethanol production and mRNA content of strains without induction into consideration together, failure to detect PDC on Western immunoblotting of the non-induced co-overexpression strains (Fig. 5A ) may be due to the PDC protein being below the detection level.
Enhanced ethanol production in cyanobacterial cells grown at low light
Our previous studies showed that overexpressing one of the four selected CBB genes did not have positive effects on cell growth under low light intensity (15 μmol photons m −2 s −1 ). However, the maximum oxygen evolution rate increased (Liang and Lindblad, 2016) . This suggested some positive effect on the photosystem II water splitting activity. In this study, ethanol production was determined under this cultivation condition to examine if it would give similar results as growth. The strain expressing the ethanol synthesis cassette alone (EtOH) was the reference strain. Strains with both ethanol synthesis cassette and one of the four selected CBB cycle genes overexpressed (EtOH-rbcSC, EtOH-70glpX, EtOH-tktA, and EtOH-fbaA) were compared with the reference strain. The growth of EtOH, EtOH-rbcSC, EtOH-70glpX, EtOH-tktA and EtOH-fbaA were not significantly different between each other, both with and without PnrsB induced ( Fig. 6A and B) . Ethanol production in strains with one of the four selected CBB cycle genes co-overexpressed with ethanol synthesis cassette was higher than that of the reference strain when PnrsB was induced. All the strains reached the highest production on day 7, and the ethanol production in EtOH-rbcSC was increased by 36%, EtOH-70glpX by 39%, EtOH-tktA by 38% and in EtOH-fbaA by 55% compared to EtOH (Fig. 6C) . When PnrsB was not induced, ethanol production in strains with the CBB cycle enzymes co-overexpressed was much lower than the strain only expressing the ethanol synthesis pathway, similar to the effects when cells were cultivated under 65 µmol photons m −2 s −1 with 50 mM NaHCO 3 and without induction (Fig. 3D) . However, under 15 µmol photons m −2 s −1 and without induction, ethanol production of strains with one of the CBB cycle genes overexpressed could be 82% (EtOH-70glpX on day 3) of that from EtOH, proportionally much higher than that when cell grown under 65 µmol protons m −2 s −1 light intensity (2%). The detected production titers (around 10 mg/l, Fig. 6D ) were also higher than that in the corresponding cultures at 65 μmol photons m −2 s −1 (less than 3.5 mg/l, Fig. 3D ), even though the cultivation under 65 μmol photons m −2 s −1 was conducted in sealed flasks. As cultures became dense, ethanol production of EtOH-rbcSC, EtOH-70glpX, EtOH-tktA and EtOH-fbaA remained less than half of that in EtOH, except EtOH-fbaA on day 7 that was 58% (Fig. 6D ).
Introducing one of the CBB cycle genes did not show positive effect (-Ni 2+ ). 1 µg RNA was used to synthesize cDNA and 1 µl dsDNA was loaded. On the right, is the negative control for all samples showing that the RNA used for cDNA synthesis was free of DNA contamination. Synechocystis genomic DNA was used as template for 16S positive control, while pEtOH was used for the pdc positive control. For strain information see Table 1 .
F. Liang et al. Metabolic Engineering 46 (2018) 51-59 on growth under low light conditions ( Fig. 6A and B ) which was consistent with what we detected before (Liang and Lindblad, 2016) . However, this engineering had positive effects on ethanol production under the same growth condition (Fig. 6C) . The positive effects were consistent with the results that cells showed enhanced maximum oxygen evolution rates under this growth condition (Liang and Lindblad, 2016) .
Discussion
The CBB cycle is the main pathway that converts atmospheric CO 2 into carbon skeletons. In this study, an ethanol synthesis pathway, consisting of PDC and ADH, alone or together with one of the four CBB cycles proteins, RuBisCO, FBA, FBP/SBPase or TK, were introduced into Synechocystis. The results showed that introducing an effective carbon sink, the induced ethanol synthesis pathway (with expression driven by the inducible PnrsB), increased the total biomass (ethanol plus dry cell weight) accumulation (Fig. 4B) , which is consistent with results from Synechococcus elongatus PCC 7942 with sucrose secretion. The engineered Synechococcus elongatus PCC 7942 strain showed an increased biomass accumulation rate and photosystem II activity due to the efficient sucrose synthesis and excretion ability (Abramson et al., 2016; Ducat et al., 2012) . The present study further showed that increasing the levels of one of the four selected CBB cycle enzymes resulted in even higher total biomass (Fig. 4B) . In the early growth stage, ethanol producing had strong effects on DCW (Fig. 4A) . This is consistent with the growth curves (Fig. 3C ). This may be explained by the light availability per cell. At the beginning of the cultivation, when the cultures were relatively diluted, available light per cell is sufficient. For the control strain, it used energy and carbons to build up the cells since there was no other possible sink, or output. However, the ethanol-producing strains may maintain the basic cell survival and direct energy and carbon (pyruvate) to the extra sink, ethanol. As result, the DCW of ethanol producing strains were significantly lower than in the control strain at the beginning of the growth period. Overall, overexpressing the CBB cycles genes increased the total biomass accumulation, mainly by increasing the production of ethanol instead of growth (OD 750 and DCW) when the ethanol synthesis pathway was efficiently expressed.
As contrast, when the carbon sink was not functioning efficiently (PnrsB without induction in this study), overexpressing the CBB cycle genes had severe negative effect on ethanol production (Figs. 3D and  6D ). As demonstrated before, introducing one of the CBB cycle enzymes would increase the biomass accumulation under 65 μmol photons m −2 s −1 or higher light intensity Lindblad, 2016, 2017) . Consistent with this, positive effects on DCW were observed here (Fig. 4D) . However, ethanol production was not increased, since one of its synthesis enzymes PDC was too low in the co-overexpressed strains (Fig. 5A) , which acted as the main limitation in ethanol synthesis here. The reason why the PDC protein in the strains with one of the CBB cycle enzymes co-overexpressed was at undetectable levels is not clear. However, it was found that the levels of PDC varied between different strains ( Fig. 5A and B) , in a manner corresponding with the ethanol production ( Fig. 3C and D) . Combining the results of ethanol and total biomass production under different induction conditions show that when there was PDC present in the cells, it directs pyruvate to ethanol formation which results in less biomass accumulation but more total biomass ( Fig. 4A and B) . In contrast, when there was no PDC present, the cells accumulated more biomass but not more total biomass ( Fig. 4D  and E) . Therefore, PDC plays a critical role at locating the carbons to ethanol or other cell components, measured as DCW at the end.
It has been reported that the compositional context can affect gene expression, via supercoiling as well as promoter structure, ribosome binding sites etc. (Yeung et al., 2016) . In the present study, the pdc mRNA levels were determined in cells with or without induction induction. Error bars represent standard deviation from biological triplicates. One-way ANOVA analysis was applied. Asterisks indicate significant differences (P < 0.05) between strains with the ethanol synthesis pathway alone and with one of the CBB genes co-overexpressed.
( Fig. 6C ) in order to confirm that the differences on protein levels and the subsequent ethanol yield were not due to differences in transcription. There were no obvious differences of pdc mRNA levels between strains with ethanol synthesis pathway expressed alone and with one of the four selected CBB genes co-overexpressed (Fig. 5C ), indicating similar transcription levels in different strains. In the present study, a plasmid expression platform was used. One of the shortages to use a plasmid expression is that the corresponding antibiotic is always required to maintain the genetic construct in the cells. However, the expression on the plasmid used here was higher than when inserted into the genome (Ng et al., 2015) . One explanation for this is the higher copy number of the RSF1010 derived plasmids than the genome (Ng et al., 2000) . For further studies and potential industrial applications, inserting the target genes into the genome and using antibiotic free constructs may be required, in order to keep the strains genetically stable without any selection pressure.
Conclusively, the first step to increase biofuel yield should be to eliminate bottlenecks in the synthesis pathway. Afterwards, other strategies like increasing carbon fixation or optimizing growth conditions may be applied. The present study demonstrates that overexpressing one of the four-selected CBB cycle genes enhanced the production of an introduced capacity to produce a biofuel, a sink, exemplified with ethanol, when the biofuel synthesis pathway is not the main bottleneck. The results showed similar effects on the ethanol production from different CBB cycle enzymes overexpressed. In fact, under certain conditions, several enzymes combined control the flux, while one enzyme may play the main role. We hypothesize that having one enzyme overexpressed will shift the limit to another enzyme. Future research may address balanced expression levels of the CBB cycle enzymes.
